Protocadherins (Pcdhs), a major subfamily of cadherins, play an important role in specific intercellular interactions in development. These molecules are characterized by their unique extracellular domain (EC) with more than 5 cadherin-like repeats, a transmembrane domain (TM) and a variable cytoplasmic domain. PCNS (Protocadherin in Neural crest and Somites), a novel Pcdh in Xenopus, is initially expressed in the mesoderm during gastrulation, followed by expression in the cranial neural crest (CNC) and somites. PCNS has 65% amino acid identity to Xenopus paraxial protocadherin (PAPC) and 42-49% amino acid identity to Pcdh 8 in human, mouse, and zebrafish genomes. Overexpression of PCNS resulted in gastrulation failure but conferred little if any specific adhesion on ectodermal cells. Loss of function accomplished independently with two non-overlapping antisense morpholino oligonucleotides resulted in failure of CNC migration, leading to severe defects in the craniofacial skeleton. Somites and axial muscles also failed to undergo normal morphogenesis in these embryos. Thus, PCNS has essential functions in these two important developmental processes in Xenopus.
Introduction
Every embryo undergoes three stages of development: gastrulation, neurulation and organogenesis, as part of its transformation into a multi-cellular organism. During these stages, cells undergo different morphogenetic processes like proliferation, adhesion, migration, differentiation, and apoptosis. Two important developmental processes that take place in the vertebrate embryo are somitogenesis or the segmentation of the paraxial mesoderm into somites and the migration of the neural crest (NC) cells. Somitogenesis, which eventually gives rise to the vertebrae, ribs, dermis and their associated muscles, begins at the anterior end of the presomitic mesoderm (PSM), and passes down the axis of the embryo in a wave-like manner to generate somites at regular intervals. In Xenopus, the PSM is initially patterned by selector genes that specify segmental identity, leading to the formation of segmental boundaries. After the formation of the boundaries through the segregation of the myotomal cells from the PSM, the somite cells rotate 90°to conclude the formation of one somite segment (Hamilton, 1969; Youn and Malacinski, 1981) . Theoretical models including the "clock and wavefront model", with the involvement of different genes, have been proposed for the segmentation of somites (Pourquie, 2001a (Pourquie, ,b, 2003a . Recent evidence suggests that the oscillating expression of genes like those involved in the Notch signaling pathway, the hairy-like WRPW-bHLH proteins, bHLH transcription factors of the Mesp family, retinoic acid and PAPC, match the periodicity of the somite formation and, thus, may be involved in the segmentation of the PSM (Jen et al., 1997; Kim et al., 2000; Moreno and Kintner, 2004; Rida et al., 2004; Sparrow et al., 1998) . It is thought that these genes are either regulated by or components of the somite differentiation clock (Andrade et al., 2005; Pourquie, 2003a) . Furthermore, manipulating the expression of these genes results in disruption of segmental identity (Kim et al., 2000) . A recent study indicating that synchronized gene oscillations in the PSM cells require cell-cell contact suggests that adhesion molecules might be an integral part of signaling pathways controlling somitogenesis (Maroto et al., 2005) .
The segregation of the NC cells from the dorsal neural tube and their migration throughout the embryo to give rise to different lineages is another dramatic morphogenetic event in Developmental Biology 295 (2006) 206 -218 www.elsevier.com/locate/ydbio embryogenesis (Erickson and Perris, 1993) . The NC cell population that originates at the border between the neural plate and the non-neural ectoderm gives rise to a wide variety of cell lineages like the craniofacial skeleton, connective tissue, neurons, glia of the peripheral nervous system, melanocytes, and the neuroendocrine cells of the adrenal medulla (Basch et al., 2004; LaBonne and Bronner-Fraser, 1999) . The cranial neural crest (CNC) plays an especially important role in determining the shape of the vertebrate head, as the source of most of the cranial bone and cartilages, as well as some of the musculature (Le Douarin and Kalcheim, 1999; Noden, 1991) . In Xenopus, CNC cells migrate from the hindbrain in three streams and populate the pharyngeal arches. CNC cells from the anterior stream migrate around the eye vesicle, populate the mandibular arch and contribute to the formation of the Meckel's cartilage; those from the second stream populate the hyoid arch and give rise to the ceratohyal cartilage and those from the posterior stream give rise to the anterior and the posterior branchial arches (Sadaghiani and Thiebaud, 1987) . The first step towards migration, the epitheliomesenchymal transition (EMT), is a complex process involving changes in basal lamina, cell adhesion, extracellular matrix, and the cytoskeleton (Erickson and Perris, 1993; Halloran and Berndt, 2003; Hay, 1995; Savagner, 2001) . All the steps involved in the EMT require a combination of interaction between CNC cells and interactions between CNC cells and the surrounding environment or the extracellular matrix (ECM). One group of important molecules involved in the process of regulation of cell contacts and cytoskeletal dynamics underlying cell motility are the cadherins (Halloran and Berndt, 2003; Pla et al., 2001 ).
Cadherins are a superfamily of transmembrane glycoproteins which mediate homophilic calcium-dependent cell adhesion (Sano et al., 1993) . Members of the cadherin superfamily are characterized by their unique extracellular (EC) domains, which are primarily composed of multiple repeats of a cadherin motif. Classical cadherins are likely to have evolved from ancestral proteins resembling protocadherins (Pcdhs), which constitute the biggest subfamily within the cadherin superfamily . Pcdh molecules contain more than five cadherin repeats in their EC domain with sequences more similar to each other than to the classical cadherins and with divergent and distinct cytoplasmic domains that lack β-catenin binding sites (Angst et al., 2001; Suzuki, 1996) . Pcdh α, β, and γ gene clusters comprising many Pcdh genes have been found in different species including human, mouse, rat, chicken, and zebrafish (Noonan et al., 2004; Sugino et al., 2000 Sugino et al., , 2004 Tada et al., 2004; Wu and Maniatis, 1999; Wu et al., 2001; . At least 2 clusters of Pcdhγ genes have been found in the genome of Xenopus tropicalis . Pcdh genes presumably appeared during evolution of the vertebrate central nervous system, since they have not been found in invertebrates such as Drosophila or C. elegans (Tada et al., 2004) . Various studies on the role of Pcdhs in different species have shown their importance in development. (Aoki et al., 2003a; Bradley et al., 1998; Hirano et al., 1999; Kim et al., 1998; Kohmura et al., 1998; Kuroda et al., 2002; Obata et al., 1995; Yamagata et al., 1999) . Especially in Xenopus and zebrafish, the functions of three Pcdh molecules, NF-Pcdh (NFPC), PAPC and Axial Pcdh (AXPC) have been studied during embryogenesis. NFPC was found to mediate differential adhesiveness required for proper ectodermal differentiation in Xenopus (Bradley et al., 1998) . AXPC expression, limited to the notochord at neurula stages, has been shown to mediate cell sorting activity associated with axis formation (Kuroda et al., 2002) , while PAPC has been implicated in partitioning gastrulating mesoderm into paraxial and axial domains and in the maintenance of segmental gene expression and somite formation (Kim et al., 2000) . Furthermore, the interaction between PAPC and the Frizzled receptor contributed to the separation of ectodermal and mesodermal cells during gastrulation by the activation of Rho and protein kinase Cα (Medina et al., 2004) . PAPC was also found to functionally interact with the Wnt/planar cell polarity (PCP) pathway in the control of convergent extension movements in Xenopus by modulating the activity of Rho GTPase and jun Nterminal-kinase (JNK; Unterseher et al., 2004) . In zebrafish, PAPC is a downstream target of Spadetail, a transcription factor necessary for morphogenetic movements during gastrulation .
In this report, we have analyzed a novel Pcdh molecule, PCNS (Protocadherin in Neural Crest and Somites), which was identified from a pool of genes that were found to be activated in Xenopus in response to overexpression of transcription factor AP2α (TFAP2α; Luo et al., 2005) . TFAP2α has been found to play a significant role in NC induction and/or epidermal gene regulation in Xenopus (Luo et al., 2002 (Luo et al., , 2003 , zebrafish (Barrallo-Gimeno et al., 2004; Knight et al., 2003) and mouse (Schorle et al., 1996; Zhang et al., 1996) . PCNS is intensely expressed in the CNC and somites during the development of the frog embryo. Failure of CNC migration along with severe defects in craniofacial skeleton posterior to the mandible resulted from loss of function using antisense morpholino oligonucleotides (MOs) targeted to the untranslated region or to the translational initiation site of PCNS. Formation of the somites and axial muscles was also severely disrupted. From this study, it is evident that PCNS possesses a dual function in the migration of the CNC and somitogenesis in Xenopus.
Materials and methods

Embryo manipulation and in situ hybridization
Embryos were obtained from adult X. laevis females by hormone-induced egg-laying, artificially fertilized using standard methods (Sive et al., 2000) and staged (Nieuwkoop and Faber, 1994) . Following microinjection, embryos were cultured in 3% Ficoll-400/1× MMR (Sive et al., 2000) for 1-2 h, then transferred to 0.3× MMR until they reached the desired stage. Whole-mount in situ hybridization was performed according to Harland (1991) with some modifications (Luo et al., 2001) . Antisense probes labeled with digoxigenin were synthesized using a labeling kit from Roche Molecular Biochemicals with cDNA templates encoding PCNS, Slug (Mayor et al., 1995) , Sox 9 (Spokony et al., 2002) , Sox 10 ( Aoki et al., 2003b; Honore et al., 2003) , Krox-20 (Bradley et al., 1993) , X-Delta-2 (Jen et al., 1997) , MyoD (Hopwood et al., 1989) , and Thylacine 1 (Sparrow et al., 1998) . Embryos were bleached after in situ hybridization by treatment with 10% hydrogen peroxide in 70% methanol.
DNA constructs and RNA synthesis for injection
The cDNA clone including the full open reading frame of PCNS (Genbank accession number: BG020773, pCMV-SPORT6 vector) was obtained from Open Biosystems Inc. (www.openbiosystems.com). The plasmid insert from the fulllength PAPC clone (FL-PAPC, pBS-SK; a gift of Eddy De Robertis) was subcloned into the Stu-XhoI sites of pCTS, a derivative of pCS2+ (Feledy et al., 1999; Turner and Weintraub, 1994) . For enhanced GFP (eGFP) , the open-reading frame from pEGFP (Clontech) was subcloned into pCTS. The PCNS-eGFP construct was generated by amplifying the PCNS mRNA from −79 to +297 (Forward primer: TCG GGC GGA TCC CCC ACG CGT CCG CCC ACG; Reverse primer: CTG CAG ATC GAT CAA AGC CAG GTT ACA ATG AAG) and ligating this BamH1-Cla1 fragment to the 5′ end of the eGFP sequence, maintaining the reading frame. Synthetic capped mRNA for injection for all plasmids was obtained by linearizing with NotI and transcribing with SP6 polymerase (Ambion Message Machine kit). RNAs were checked for size by denaturing agarose gel electrophoresis and tested for translational efficiency using a rabbit reticulocyte kit from Promega.
Dissociation and reaggregation assay
Embryos were injected with either 15 ng tetramethylrhodamine-labeled dextran, MW 10,000 (RDx; Molecular Probes Inc.), 400 pg eGFP mRNA alone or 400 pg eGFP mRNA and PCNS mRNA (3.4 ng) or FL-PAPC mRNA (3.4 ng) , apportioned into all four animal blastomeres at the eight-cell stage to ensure even distribution. Animal caps were excised at stage 9 in 0.3× MMR and dissociated by transferring to 1% agarose-coated dishes with CMFM medium (Sargent et al., 1986) . After 20 min, the outer cell layer, which did not dissociate, was carefully separated from the inner cell layer and discarded. Dissociated inner layer cells from three RDx-injected caps were mixed with cells from five eGFP, eGFP + PCNS or eGFP + PAPC caps and reaggregated overnight at 22°C by transferring them to 1% agarose dishes containing 0.7× MMR (Detrick et al., 1990; Kim et al., 1998) .
Northern blot hybridization
Whole embryo RNAs were isolated according to standard procedures (Sargent et al., 1986) and analyzed using glyoxal RNA gels (Ambion Northernmax Glyoxal gel system). The gel was stained with ethidium bromide to monitor equal loading of the RNA samples. Probes for expression of PCNS were labeled with 32 P-dCTP by primer extension (Amersham Pharmacia). Northern blots were washed using 0.2× SSPE at 62-63°C.
Antisense morpholino oligonucleotides
Two antisense morpholino oligonucleotides (MOs), M1 and M2, were synthesized to block translation of PCNS (GeneTools). The sequence for M1 was GTGGTGTAGTTCTTAGAAGTAACAT (homologous to mRNA positions +1 through +25, the complement of the ATG methionine codon = +1, underlined). The sequence of M2 was AAGTTGCACTAACAAAGTTGCTGTG (homologous to mRNA positions −22 through −46). The sequence of the control MO (Co), which was derived from M1, mismatched at five positions (lower case), was GTtGTtTAGTTtTTAGAAtTAAtAT. When the MOs (25 ng) were injected into one blastomere at the two-cell stage, 2 ng of a fluorescently labeled standard control MO (GeneTools) was co-injected. Embryos were then sorted into right-or left-side injected samples under a fluorescence dissecting microscope. 
Alcian blue cartilage staining
Stage 44 embryos were fixed in 3.7% formaldehyde, rinsed in 1× phosphate-buffered saline (PBS), 0.1% Tween-20, dehydrated using a 30%, 50%, 70%, 100% ethanol series, then stained overnight in 0.05% Alcian blue in 80% ethanol/20% acetic acid (acid alcohol). After destaining for 48 h with several changes of acid alcohol, the embryos were dissected. Then the specimens were gradually rehydrated and transferred into 1% KOH/3% H 2 O 2 for an hour. The tissue was cleared in 0.05% trypsin in saturated sodium tetraborate for another hour and washed with 1× PBS (Pasqualetti et al., 2000) .
Cranial neural crest explants
Vitelline membranes from stage 17 embryos were removed in 0.3× MMR and CNC explants were dissected (Borchers et al., 2000) in 2% agarose-coated dishes containing 1× MMR and 50 μg/ml gentamycin sulphate according to procedure previously described (Alfandari et al., 2003) . The explants were transferred to agarose-coated dishes containing sterile Steinberg's balanced salt solution (BSS) (Jones and Elsdale, 1963) before culturing overnight at 23°C on fibronectin-coated tissue culture slides in 500 μl BSS (89%), Leibowitz medium (10%) supplemented with 1 mM L-glutamine, 100 μg/ml gentamycin and fetal calf serum (1%) (Yaniv et al., 2003) .
Immunohistochemistry and histology
To visualize somite morphology, embryos were stained with a muscle specific monoclonal antibody, 12/101 (Kintner and Brockes, 1984) . At stage 24, embryos were fixed in MEMFA and incubated with 1:10 dilution of 12/ 101 culture supernatant in 20% goat serum and 0.1% Triton X-100 in PBS for 48 h at 4°C. After four 2-h washes, the embryos were incubated in HRPconjugated goat anti-mouse secondary antibody (1:500) for 48 h at 4°C. Then the embryos were washed extensively, stained using diaminobenzidene, bleached, and photographed (Kim et al., 2000; Sive et al., 2000; Tucker and Slack, 1995) . To visualize the cellular morphology of the somites, embryos were embedded using the JB-4 embedding kit (Polysciences, Inc.) and sliced into 10-μm parasagittal sections. The sections were mounted using a mounting medium with DAPI (Vector Laboratories) for visualization of nuclei.
Results
Identification and expression of PCNS
The original cDNA clone for PCNS (Accession number XL097h19; National Institute of Basic Biology, Okazaki, Japan http://xenopus.nibb.ac.jp) was identified in a microarray-based screen for genes under the control of the transcription factor TFAP2α (Luo et al., 2005) . This clone lacked amino terminal protein coding sequence, and a plasmid with 100% homology to the original but including the full PCNS open reading frame was identified by screening public databases, obtained and sequenced on both strands. The PCNS coding sequence PCNS RNA now detected in otic vesicle (blue arrowhead) and heart anlage (green arrowhead).
(Genbank accession # DQ178630) was 2934 bp predicting a 978-amino-acid protein with overall structural similarity to Pcdh family members. PCNS has an amino terminal signal peptide, an extracellular domain containing six cadherin repeats of about 110 amino acids each, a transmembrane domain and a unique cytoplasmic domain (Fig. 1A) . Pairwise comparisons using BLAST (http://www.ncbi.nlm. nih.gov) show that PCNS has 65% amino acid identity to Xenopus laevis PAPC , and homology to Pcdh8 in human (NP_116567; 46% identity), mouse (NP_067518; 42% identity) and zebrafish (NP_571284; 49% identity; Fig. 1B) .
PCNS mRNA which was initially detected by Northern blot analysis at late gastrula (stage 12) increases through later developmental stages until stage 27 after which the transcripts declined to undetectable levels ( Fig. 2A) . PCNS mRNA could be detected by whole-mount in situ hybridization at stage 11 in the involuting mesoderm (Fig. 2B) . By neurula stages, PCNS transcripts were localized to the CNC and the somites and also to lateral plate mesoderm, which also appeared to be segmented (Figs. 2C-E) . At tailbud stages (stage 25, 31), CNC expression was restricted to the mandibular, hyoid and the branchial arches and the posterior somites. The expression in the mandibular arch was limited to the sector ventral to the optic vesicle (Figs. 2F, G) . By early tadpole (stage 34), the branchial arch expression had disappeared while the somite signal was restricted to the extreme tail tip. At this stage expression also becomes apparent in otic vesicle and heart anlage ( Fig. 2H) .
PCNS gain of function analysis
Ectopic overexpression of PCNS in whole embryos was accomplished by injection of 1 ng of PCNS mRNA into the animal region of a one-cell stage embryo. Cleavage through blastula stages occurred normally, but 96% (n = 28) of injected embryos failed to complete gastrulation, resulting in a large mass of mesoendodermal cells remaining on the exterior of the embryo at mid-neurula (Fig. 3B) . The extracellular domain of PCNS is similar to other protocadherins like PAPC and AXPC that function as cell adhesion molecules Kuroda et al., 2002) , suggesting the possibility that such gastrulation failure might be due to abnormally high levels of cell adhesion. This was investigated for PCNS using an ectodermal cell dissociation and reaggregation assay. All four animal blastomeres of an eight-cell stage embryo were injected with RDx or mixtures of RNAs encoding eGFP, PCNS, or PAPC, and animal caps isolated, dissociated, and reaggregated as described in Materials and methods. As shown in Fig. 4 , cells expressing PAPC sorted out to a significant degree from non-expressing cells, as has been previously reported (Kim et al., 1998) (panel B) , but in contrast, cells expressing PCNS remained intermingled with non-expressing cells (panel C), similar to the control with eGFP alone (panel A). Both PCNS and PAPC RNAs were translated with approximately equal efficiency in vitro (data not shown), so these results suggest that PCNS may not function as effectively as PAPC in conferring specific cell-cell adhesion, and that the disruption of gastrulation by PCNS overexpression may be due to some other mechanism, for example interference with cell-cell communication.
PCNS is essential for migration of CNC cells in Xenopus
To evaluate the effects of PCNS loss of function, antisense MOs were used to inhibit translation of PCNS mRNA. As a control to rule out nonspecific effects, two independent, nonoverlapping MOs (M1 and M2) were designed, and effects that were observed with both of these MOs were considered to be valid. As an additional control, a third MO with a 5-bp mismatch to M1 was also constructed (Co). To test the effectiveness of these MOs in blocking the translation of PCNS mRNA, the 5′ untranslated portion of PCNS mRNA along with the amino terminal 297 nucleotides was fused in frame to eGFP (PCNSeGFP). MOs were injected individually into fertilized eggs (50 ng), followed by PCNS-eGFP RNA, or eGFP RNA as a negative control (200 pg each). Translation was evaluated at midblastula by viewing in a fluorescence microscope. None of the MOs had any noticeable effect on eGFP, whereas both M1 , or into one cell at the eight-cell stage with 6 ng of M1 (F) or Co (E), along with lacZ RNA as a lineage tracer. In situ probes are indicated on the individual panels at lower left. In each case, M1 resulted in severe inhibition of CNC cell migration into pharyngeal arches, and Co had no effect. In panels E and F, the lineage tracer is visible as red staining on the left side of the embryos. M1 injection inhibited migration of NC from rhombomere 5 (G; black arrowhead) without affecting the neural tube expression (red arrowhead). Panels A-G are dorsal views with the injected side on the left. In some cases, images were flipped horizontally to maintain this orientation. In panels H-O, the uninjected sides are shown on the left (H, J, L, N) and injected sides on the right (I, K, M, O). Images have been flipped horizontally to facilitate comparison of injected and uninjected sides. M1 strongly inhibited migration into posterior pharyngeal arches at stage 22 but had less effect on the mandibular arch migration (K; red arrowhead). Injection of Co had no effect (I). By stage 31 (L-O), Sox 9 expression in pharyngeal arches (N; red arrowheads) was essentially undetectable on the M1-injected side (O). Expression of Sox 9 in the otic vesicle was also strongly reduced (O; blue arrowhead). Injection of Co had no effect (M). Result statistics are summarized in Table 1. and M2 strongly inhibited fluorescence in embryos injected with PCNS-eGFP. Co had no effect ( Supplementary Fig. 1 ).
To disrupt expression of PCNS, these MOs were injected (25 ng) into one blastomere of a two-cell stage embryo, with the uninjected side serving as a further control. The embryos were then cultured until stage 19 and examined by in situ hybridization with NC markers Slug (Mayor et al., 1995) , Sox 10 ( Aoki et al., 2003b; Honore et al., 2003) , and the NC/ hindbrain marker Krox20 (Bradley et al., 1993) . As shown in Fig. 5 , all NC marker genes were induced to comparable levels on the injected and uninjected sides, although in some cases, MO injection resulted in a slight delay (Supplementary Fig. 2 ). Both M1 and M2 led to an essentially identical loss of CNC migration, although M2 was somewhat less effective. Co had no effect. (Figs. 5A-D, Supplementary Fig. 3 ; results summarized in Table 1 ). Since PCNS is expressed in early mesoderm (Fig.  2B) , one possible mechanism for the disruption of CNC migration might be a secondary effect of altered mesoderm function. To rule this out, targeted injections were carried out at the eight-cell stage with M1, into dorsal/animal blastomeres that contribute little to mesodermal tissue. As shown in Figs. 5E-F, this resulted in a phenotype that was similar to that obtained with the earlier two-cell stage injections. Furthermore, hybridization of two-cell stage MO-injected embryos with showed that the hindbrain expression of this marker was not affected, indicating that the MO-induced defect was specific for the NC and not due to a general inhibition of neuroectodermal differentiation (Fig. 5G) .
Similar results were obtained at later stages (stage 22, Figs. 5H-K and stage 31, Figs. 5L-O), using as markers Sox 10 and Sox 9 (Spokony et al., 2002) . Although there was some variability in the degree of inhibition of migration into the mandibular arch, more posterior arch migration was almost entirely inhibited on the injected side (Figs. 5K, O) . There was not much effect on migration into the more proximal and dorsal sector of mandibular arch, consistent with the absence of expression of PCNS in this region. Co had no effect at this stage (Figs. 5I, M) . As at the earlier stage, equivalent results were obtained with both M1 and M2 ( Supplementary Figs. 3-5) , as summarized in Table 1 . M1-injected embryos cultured to tadpole stage (stage 44), exhibited abnormal head morphology and severe curving towards the injected side (Fig. 6D) . Alcian blue staining of the cranial cartilage revealed partial loss of the mandibular and a complete loss of the hyoid and branchial arch derivatives on the injected side (Fig. 6C) . As with earlier stages, Co had no effect (Figs. 6A, B) .
Migratory behavior is an intrinsic property of NC cells, which will actively migrate from explanted neural fold tissue on a suitable substrate, such as a fibronectin-coated slide (Alfandari et al., 2003) . To test the effect of loss of PCNS on this characteristic, 25 ng of M1 or Co was injected into one cell of two-cell stage embryos. These were cultured to stage 17 and Embryos injected with Co, M1 or M2 at two-cell or eight-cell stage as indicated, and scored for normal or inhibited migration of CNC into pharyngeal arches at the indicated stages, based on the pattern of expression of NC probes (right column). ND, not done. explants of tissue from the CNC region of the injected side were dissected and cultured on fibronectin until sibling embryos reached stage 30 (Fig. 7) . CNC cells from control morpholino (Co) injected embryos spread and migrated (Fig. 7A) . However, explants from M1-injected embryos largely disaggregated. These cells had a round morphology and failed to bind or spread on the substrate (Fig. 7B) . To show that explants were correctly isolated from CNC-containing tissue, embryos were fixed following microsurgery and hybridized in situ to a Slug probe, showing the expected gap in Slug expression (Supplementary Figs. 6A-C) . The explants continued to express CNC markers, as shown by in situ hybridization with Slug and Sox 10 probes ( Supplementary Figs. 6D-I) . Thus, the CNC defect associated with loss of PCNS occurs after the induction of NC gene expression but during the EMT, since the cells fail to adopt the flattened mesenchymal morphology, do not adhere to fibronectin in vitro, and do not migrate normally, either in the embryo or in vitro.
PCNS in the segmentation of the somites
The other major site of PCNS expression is in somites. To investigate PCNS function in this tissue, embryos injected as above with 25 ng of Co or M1 into one cell of a two-cell stage embryo were probed with somite-specific markers MyoD (Hopwood et al., 1989) , X-Delta-2 (Jen et al., 1997) , and Thylacine-1 (Sparrow et al., 1998) . In all cases, marker gene expression levels were approximately normal, but loss of PCNS resulted in a disorganization of somite morphology. Some segmentation was present, but definition between segments was poor (Fig. 8) . Injection of M2 yielded a similar phenotype (data not shown), while Co had no effect. The disorganized morphology of somites was shown more clearly by staining sections of stage 24 M1-injected embryos with 12/101 monoclonal antibody, which recognizes an epitope present on the surface of differentiated muscle cells (Kintner and Brockes, 1984) , or with DAPI to visualize nuclei of muscle cells (Fig. 9) . About 75% of M1-injected embryos had somites that were poorly defined and also lacked the normal chevron shape found at this stage (Fig. 9B) . The nuclear staining also showed abnormal alignment, suggesting that somite rotation had been disrupted (Fig. 9D) . From these results, it is clear that PCNS is an essential component of somite morphogenesis in the frog embryo.
Discussion
PCNS and other protocadherins
The Pcdh most closely related to PCNS is Pcdh8 in human, mouse, and zebrafish genomes. Xenopus PAPC shares approximately the same degree of homology to these Pcdh8 proteins. For example, BLAST comparison of Xenopus PCNS and PAPC to zebrafish Pcdh8 yields identities of 49% and 48%, respectively. There is a highly conserved ∼25-amino-acid motif present in the cytoplasmic domains of Pcdh8, PCNS and PAPC, which is essential for the PAPC-mediated mesodermal elongation activity in Xenopus Makarenkova et al., 2005; Yamamoto et al., 2000) (Fig. 1A) . Mouse Pcdh8/ PAPC is not expressed in the CNC. Targeted inactivation of this gene has little if any phenotype in mouse (Yamamoto et al., 2000) . However, experiments with a dominant-negative PAPC in organ culture support a role for this protein in somite segment border organization (Rhee et al., 2003) . It is nevertheless unclear which is the actual homolog of PCNS in other vertebrates. Given the large size (∼70 or more genes) in the Pcdh gene family and potential for redundancy, drift, recombination, etc., such an unambiguous homology assignment might not be possible. In Xenopus, there is clearly some phylogenetic and functional relationship between PAPC and PCNS. The sequence identity is 65% overall (Fig. 1A) , so these two genes are more similar to each other than to their closest relatives in other vertebrates. Both are expressed in gastrula stage mesoderm, although PAPC is more localized to the dorsal region. PCNS expression in somites is confined to a few segments at the leading edge of the segmentation wave and is thus more transient than PAPC, which is transcribed in posterior presomitic axial mesoderm, and is downregulated in the anterior trailing edge of somite development at approximately the same anteroposterior level as PCNS . The initial studies on PAPC relied on a dominant negative approach to loss of function. More recent work using MOs (Medina et al., 2004) suggest a more subtle phenotype. While there are other interpretations, one possibility is that the PAPC dominant negative protein has some cross-interference with PCNS, and to some extent, the resultant phenotype is due to disturbing both PAPC and PCNS, or even PCNS alone. This might also be the basis for the disruption of gastrulation by overexpression of PCNS. Taken together, these observations show that PCNS is a novel protocadherin related to and possibly having functional overlap with PAPC/Pcdh8.
Cell adhesion properties of PCNS
By virtue of the extracellular cadherin repeat (EC) domains, Pcdh proteins, including PAPC, can act as homophilic adhesion factors, although somewhat less efficiently than cadherins (Bradley et al., 1998; Kim et al., 1998; Kuroda et al., 2002) . With 83% similarity between the EC domains of PAPC and PCNS (Fig. 1A) , PCNS might be expected to have this characteristic and lead to segregation of PCNS-expressing ectodermal cells in Xenopus reaggregation assays. However, this is not what we observed; while PAPC expression resulted in segregation, PCNS did not (Fig. 4) . One problem with such a comparison is that the protein expression is via injected synthetic mRNAs, which although translated with similar efficiency in vitro, this may not be the case in vivo. Furthermore, it is possible that different optima may exist for PAPC and PCNS expression in this assay. Nevertheless, to a first approximation, it is likely that PCNS is not particularly potent as an adhesion molecule, even by the standard for Pcdhs. This is interesting in the context of the overexpression phenotype, which severely disrupted gastrulation. If this effect were not due to artificially enhanced cellcell adhesion, what might be the molecular mechanism? One possibility is that PCNS overexpression interferes with one or more signaling pathways. Studies in zebrafish and Xenopus have revealed the importance of non-canonical Wnt signaling mechanisms in vertebrate gastrulation (Darken et al., 2002; Keller, 2002; Myers et al., 2002; Ueno and Greene, 2003; Veeman et al., 2003) , and PAPC has been found to interact with the Wnt/PCP pathway to regulate gastrulation in Xenopus (Unterseher et al., 2004) . Interestingly, knockdown of the PCP/Wnt-Ca ++ pathway has resulted in inhibition of migration of CNC (De Calisto et al., 2005) . Furthermore, both PAPC and AXPC derivatives lacking cytoplasmic domains exhibit much stronger adhesive properties, suggesting a negative regulatory mechanism mediated by these domains Kuroda et al., 2002) . The cytoplasmic domain of PCNS is particularly divergent, so if it has a signal transduction function, this probably differs significantly from other Pcdh proteins. This will be an important issue for future studies on PCNS. 100%, n = 15) X-Delta-2 (panel E; 54%, n = 28) and Thylacine 1 (panel H; 53%, n = 15). Magnified images of somites in M1 embryos are shown in separate panels for MyoD (C), X-Delta-2 (F) and Thylacine 1 (I). Injection of Co had no effect (100% for MyoD, n = 29; 100%, n = 25 for X-Delta-2; 100%, n = 15 for Thylacine 1; panels A, D and G, respectively). All panels show dorsal view of embryos with anterior to the top and the injected side to the left.
PCNS in epitheliomesenchymal transition and migration of CNC
CNC cell migration is a complex process commencing with EMT followed by movement through the extracellular matrix (ECM). EMT is itself a complex process involving rearrangement of the actin and microtubule cytoskeletons and delamination. Typically a non-polarized epithelial cell is transformed into a more flattened, polarized migratory mesenchymal cell (Raftopoulou and Hall, 2004) . This involves many molecules with adhesive and/or signaling functions such as the ephrins and their receptors Smith et al., 1997) , type II classical cadherins such as cadherin-11, cadherin-6, cadherin-7 (Hadeball et al., 1998; Hoffman and Balling, 1995; Inoue et al., 1997; Nakagawa and Takeichi, 1995; Nakagawa et al., 1998; Tanihara et al., 1994; Vallin et al., 1998) and other Pcdhs including PAPC and AXPC Kuroda et al., 2002) .
Two independent, non-overlapping PCNS MOs yielded an essentially identical effect on CNC, i.e., a strong inhibition of migration from the dorsal neural tube into the branchial arches, while a mismatched control MO had no phenotype. These data strongly support an essential role for PCNS in this process. The inhibition was particularly severe in the CNC corresponding to the more posterior branchial arches; little migration could be observed in the intact embryo by in situ hybridization (Fig. 5) and even less in the in vitro migration assay (Fig. 7) . In the latter assay, the CNC explants from PCNS MO injected embryos largely disaggregated into rounded cells that did not adhere well to the fibronectin substrate. This suggests that the blockage resulting from PCNS loss of function takes place following CNC induction, since marker gene activation was not prevented, but during EMT, since the explants disaggregated, the cells failed to adopt a mesenchymal morphology, did not spread, develop filopodia, or attach to the substrate. Further analysis of CNC cytoskeletal and adhesive properties, and signal transduction pathways, and more detailed studies of cell morphology should help identify the molecular events that are disrupted by loss of PCNS.
The apparent differential effect of PCNS loss of function on posterior versus anterior CNC could point to some difference in the function of this protein at different axial levels, although expression is evidently uniform. It is also possible, however, that the MO treatments have reduced but not completely eliminated PCNS protein synthesis, and that more anterior CNC cells require a lower threshold to initiate and complete migration.
PCNS in somitogenesis
One of the most important morphogenetic processes involves the segmentation of the PSM into metameric units called somites along the anteroposterior (A-P) axis of the vertebrate embryo. In Xenopus, a somite forms when a group of myotomal cells segregate, rotate 90 degrees, and orient parallel to the A-P axis (Jen et al., 1997) . A wave-like process which starts with the prepatterning of the cells of the PSM by selector genes leads to the translation of the segmental prepattern into the morphogenetic changes that accompany formation of the somite boundaries and finally to the patterning and the differentiation of the somites. A number of studies have shown the role of various molecules in this process, including components of the Notch signaling pathway, the Hairy-like proteins and bHLH transcription factors of the Mesp family (Jen et al., 1997; Joseph and Cassetta, 1999; Sparrow et al., 1998) . Eph/ephrin signaling was also found to be important in the prepatterning of PSM and formation of the somites (Durbin et al., 1998) .
As was the case with the CNC, PCNS knockdown did not interfere with the induction of somite marker gene expression, but rather disrupted morphogenesis. Similar results have been obtained from loss of function of X-Delta-2 (Jen et al., 1997) , which is expressed within the PSM in a set of stripes corresponding to the prospective somite boundaries. Since expression of this regulatory gene was not inhibited by PCNS MO injection although the pattern was disturbed, PCNS is likely to function either downstream from X-Delta-2, or alternatively in an independent pathway in somite morphogenesis. It will be interesting to determine the extent to which PCNS interacts with signaling pathways and to learn if there is any overlap in this regard with other Pcdh proteins, particularly with PAPC which shares some expression domain as well as sequence similarity with PCNS.
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